INTRODUCTION
Recent decades have seen unprecedented global population growth. 1 Total world population is now estimated to be over 6 billion people who are increasingly concentrated in high-density conurbations. 2 In 1950, just 30% of the world's population lived in urban areas; today, that figure has risen to around 50%, and estimates suggest by 2030 over 60% of the population will be urbanized. 1 These estimates also indicate that most of the anticipated global population growth will be concentrated in urban areas of low-income countries (see Figure) 1 . The rapid demographic shifts will have massive and far-reaching impacts on global public health. [3] [4] [5] [6] Many studies have shown that urban dwellers face a different set of health risks compared to their rural counterparts. [7] [8] [9] [10] For example, urban residents are more at risk from directly transmitted diseases such as tuberculosis 11 and human immunodeficiency virus (HIV), 12 as well as some vector-borne diseases, such as dengue fever. 13 In contrast, African urban dwellers are approximately 10 times less likely to receive a malaria-infected bite 14, 15 and have significantly better physical access to health care facilities 16 than those in rural African areas.
Addressing the myriad public health issues raised by urbanization first requires clear definitions of what constitutes urban and the process of urbanization. It might be assumed that, after years of use, unambiguous definitions of what constitutes each would exist, but there is still little consensus among national and international bodies. 17 For example, of the 228 countries for which the United Nations (UN) has data, half use administrative definitions (e.g., living in a city), 51 use size and density (e.g., number of people per square kilometer), 39 use functional characteristics (e.g., economic activity), 22 have no definition whatsoever, and 8 define all or none of their populations as urban. 17 The more recent changes in the nature of urban areas and urbanization, such as the rise of megacities (those with populations greater than 10 million persons) and the tendency toward low-density urban sprawl, have exacerbated an already confusing problem.
Decision makers are increasingly seeing satellite remote sensing (RS) as the cheap and effective solution to defining urban areas and monitoring urbanization at a range of spatial scales. The diverse set of definitions of urban and urbanization currently used fortunately draw on a core set of urban characteristics for their basis. These include population and building size, density and heterogeneity, as well as distance from other such centers, all of which have been reliably derived from satellite RS. 18 This review focuses on the progress made within the field of RS on mapping, monitoring, and modeling urban environments and populations and examines the existing challenges, limitations, and future prospects. Data were identified through ISI Web of Knowledge TM , the Bodleian Library at Oxford University in England, suggestions of reviewers, and the bibliographies of the resulting articles. The Web of Knowledge search was conducted using the following Boolean search statements: "urban" and ("remote sensing" and "satellite"); "urbanization" and ("remote sensing" and "satellite"); "urban" and ("health" or "malaria"); "urban" and ("GIS" and "earth observation"). Articles in all languages were selected. The review aims to distill concisely from the vast field of urban RS literature salient information with direct application to public health research, management, and planning, with a particular focus on malaria. We also very briefly elaborate on our interest in urbanization in sub-Saharan Africa (SSA) and its potential effect on the future burden of malaria on the continent. 
IDENTIFICATION AND CLASSIFICATION OF URBAN AREAS
There now exists a bewildering array of earth observation satellites, ranging from those capable of capturing whole continents within one image (e.g., Meteosat, 5-km spatial resolution), to those by which individual people are visible (e.g., Quickbird, 0.6-m spatial resolution). [19] [20] [21] There are those that measure outgoing solar reflectance at all levels of the electromagnetic spectrum and those that emit their own microwaves and measure the returned response from the earth below. 21 Within the field of malaria research, historically coarse spatial resolution optical satellite sensors (e.g., Advanced Very High Resolution Radiometer, 1.1-km spatial resolution) have found successful application. 22, 23 Optical satellite sensors have also traditionally formed the basis of urban RS studies, but the scale of urban areas has often meant a focus on finer spatial resolution sensors. Researchers have made use of the fact that the surface composition of urban areas has a unique reflectance signature in the visible and infrared sections of the electromagnetic spectrum to delineate and map such areas. 24 However, the application of optical sensors is often constrained by weather conditions and tradeoffs between spectral, spatial, and temporal resolutions, meaning the benefit of incorporating imagery from other types of satellite sensor is being increasingly realized.
Imaging radars, in contrast, obtain high spatial resolution images independent of weather conditions or time of day/night. In tropical areas of the world, where both malaria and cloudy weather 25 prevail, this represents a significant advantage over aerial photography and visible and infrared radiation-based satellite sensors for urban analysis. 26 Although passive satellite sensors measure reflectance in the visible and infrared regions that is primarily related to the molecular resonance of surface materials, the backscatter of radar waves is determined by the physical properties of surface objects such as surface roughness. 27, 28 Radar systems, therefore, add additional discriminating power, making them a valuable extra tool for urban detection and analysis and consequently public health management and planning. The detection of human settlements and detailed urban land cover and use analysis based on radar imagery is a highly underdeveloped field, however, and only now, with the advent of high spatial resolution systems (e.g., Radarsat-2, Cosmo/ Sky Med, and TerraSAR), is it starting to receive adequate attention. 29, 30 The US Air Force Defense Meteorological Satellite Program (DMSP) has operated satellite sensors since the 1970s with the capability of detecting visible and near-infrared emissions from urban areas. 31 Global day and night imagery in visible and thermal infrared spectral bands are acquired by the DMSP Operational Linescan System (OLS). Originally designed for nighttime cloud detection, the sensor signal is intensified at night for detection of faint emission sources, unexpectedly resulting in the detection of city lights, fires, and flares.
To date, three types of human settlement night lights data have been developed 31 : (1) stable lights, which define location and uncalibrated brightness; (2) radiance, which is calibrated brightness; and (3) nighttime light change, which indicates temporal changes. In each case, however, large numbers of nighttime imagery segments are required to generate cloud-free composites. These must then be filtered to remove noise and lights from fires and other nonhuman settlement sources. The coarse spatial resolution and uncertainty associated with nighttime light size, magnitude, and location means the imagery finds greatest utility when combined with other data sources rather than as the sole input to mapping studies.
Identification and Delineation of Urban Areas
Regular and contemporary information on the extent of urban areas (or morphological urban area, MUA) is of primary importance for malaria health care planning and monitoring. However, basic information on MUAs is often nonexistent, outdated, or inaccurate 33 ; this is especially so in low-income countries. 34 A wide range of image-processing techniques can be applied to satellite sensor imagery to yield information on the MUA. 35 Some of the earliest work on identification and delineation of urban areas using satellite sensors examined the use of Landsat's 30-m spatial resolution Thematic Mapper in obtaining measurements of the MUA. 36, 37 This has since been followed up with more sophisticated approaches to settlement identification. These range from simple indices, 38, 39 to regional characterizations, 40, 41 and to complex data fusion approaches using Bayes modeling and Markov random fields. 42 Techniques of urban mapping have further progressed to extracting statistical measures of characterizing MUAs. These include deriving simple measures of urban morphology from satellite sensor imagery [43] [44] [45] to the use of texture information 46 and geostatistics 47 for urban structure and pattern characterization.
In addition to the more popular regional-scale multispectral sensors, alternative satellite sensors are being used increasingly in MUA delineation. The additional discriminating power over optical sensors of imaging radar has led to its use in imaging urban areas. 48, 49 A more novel approach to mapping urban extent is that of satellite radar interferometry, by which the degree of coherence between a pair of SAR images is measured, and the fact that coherence remains high for urban areas is used for delineation of MUAs. 50 However, research into operational use of such an approach remains in its infancy. DMSP OLS nighttime imagery has also found its place in the field of MUA delineation with city lights imagery used to estimate settlement area 51 and, combined with MODIS imagery, to improve supervised classification accuracy of urban land cover. 52 Such work indicates the benefit of multisource imagery combination.
Finally, the advent of numerous new high spatial resolution satellite sensors has prompted a boom in research aimed at quantifying the complex micro-composition of urban land cover, and often overlooks the need and utility of such sensors to public health in simple MUA delineation. Contemporary work does include however the identification of informal settlements 53 and the monitoring of refugee camps, 54 both of which explore potentially valuable approaches for the mapping of areas with notorious public health issues.
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Classification of Urban Areas
If the delineation of urban areas is a difficult task, classifying types of urban land cover and land use is more difficult. Although classified satellite imagery at a range of scales has long been used with great success in rural areas to analyze problems of agriculture, forestry, land use, and so on, urban areas add sufficient environmental complexity to pose challenging problems for RS. 56 Urban planning processes often require land use surveys. In most instances, maps, aerial photographs, and geographical information system (GIS) layers are used to provide this information, but increasingly RS is adopted. Difficulties with land use derivation from RS imagery, however, still restrict its potential as the sole input to land use surveys. Urban areas are very heterogeneous, resulting in virtually every pixel of even high spatial resolution imagery being a mixture of a vast range of different surfaces. In addition, identifying accurately which pixel matches which area on the ground can represent a difficult problem, leading to georegistration errors. Error and uncertainty in RS-derived land use maps also represent a major drawback to operational application. 57 Inaccuracies, which may be produced when converting spectral reflectance values to land cover classes, are further compounded when inferring land use from such land cover maps. Another difficulty relates to the actual land use nomenclature used. 58 Despite the challenges presented by RS of urban areas, the field of urban land cover and land use classification is the most comprehensively investigated. Algorithms for urban land cover and land use classification have developed rapidly with the ever-expanding range of satellite sensors. 59 Traditional per-pixel maximum likelihood supervised classifiers remain popular, [60] [61] [62] but such approaches require training data to be normally distributed, something that cannot be assumed in such heterogeneous environments. Therefore, approaches that make no such assumptions involving, for instance, neural networks 63, 64 and support vector machines 65 often prove more accurate. In many cases, the pixel size is too coarse for accurate urban land cover representation; therefore, recent work has focused on subpixel classification using mixture models, 66 neural networks, 67, 68 and even multistage approaches to produce maps at finer resolutions than the input imagery. [69] [70] [71] Urban land cover classes are often spectrally mixed and spatially complex; therefore, classification accuracy may only improve if the spatial properties of each class can be incorporated into the classification. 72, 73 Texture is a fundamental characteristic of remotely sensed image data, and such spatial information is typically extracted via either region-based or window-based approaches. 74 Regionbased classification involves image segmentation, then labeling, and produces high levels of accuracy when applied to imagery consisting of homogeneous structures. Application to urban scenes is therefore fraught with difficulties, especially when attempting to segment the typically heterogeneous image structures. 75 Windowbased approaches have consequently proved more popular in application to urban scenes and have recently been used for improving Systeme pour l'Observation de la Terre-High Resolution Visible classifications 75 and classifying building density 76 and urban zonation from SAR imagery. 77 More complex spatial and structural pattern recognition techniques are also finding use for urban land use classification. 33 In addition to improving urban classification accuracies from satellite sensor imagery using spatial metrics, attempts to incorporate extra georeferenced data sets are also proving successful. 78, 79 With GIS increasingly finding a place within public health monitoring and planning, approaches that enable extra surfaces to be incorporated to improve and expand the information content of satellite-derived urban zonations should be welcomed (see, e.g., Refs. 78 and 80).
MEASURING URBANIZATION
The speed of industrialization and urbanization in many parts of the world augers for detrimental public health effects. [4] [5] [6] 78 An urgent need has arisen for evaluation of the magnitude, pattern, and type of land cover and land use changes and for projection of future urban development. 81 Satellite RS is a powerful tool for the detection of land cover and land use change, but as discussed here, the interpretation and analysis of urban change from RS imagery presents unique challenges because of the spatial and spectral heterogeneity of urban surfaces and rapid change in radiance levels occurring over short time periods. The integration of RS and socioeconomic data is further challenged by the differences in the nature of data collection objectives, units of analysis, sources of error, and spatial resolution. 19 Early work on urban change detection typically fell into one of two categories: postclassification comparison and temporal sequence composition. The former approach often involves a basic per-pixel land cover classification of two temporally separated images of identical location, which are then differenced to identify the magnitude of changes and the alteration of land cover. [82] [83] [84] The latter approach involves no image classification as a preprocessing step, but simply involves building up a georegistered composite of temporally differing images from the same sensor. Visual comparison, differencing, 85, 86 or applications of a range of change detection algorithms [87] [88] [89] are then applied to quantify changes. Such techniques are ideal for identifying large-scale changes over time, but their simplicity means that small changes may be overlooked, and no real understanding of the process involved and potential future changes can be gleamed.
More sophisticated approaches have focused on using satellite RS to examine the spatial and temporal patterns of land cover and land use change. 90 This has, again, predominantly been aimed at quantifying the magnitude, location, and type of urban change, but certain models have been developed to address how and why changes have occurred and project these changes into the future. These models come under two categories: regression based and spatial transition based. 91 Most studies follow the regression-based approach and simply relate land cover/use change locations to sets of spatially explicit variables. [92] [93] [94] Spatial transition-based models attempt to predict future urban changes based on probabilistic estimates from Monte Carlo, Markovian, or other methods. 95 Such models often take the form of cellular automaton simulations, although few studies have successfully incorporated remotely sensed imagery as the principal model driver. Weng 81 presented an approach that combined satellite RS, GIS, and Markov modeling to analyze and predict land cover and land use changes in the Zhujiang Delta of southern China from 1989 to 1997. Landsat TM and field data were used to quantify changes, and Markovian modeling was then utilized to examine the stochastic nature of urban change and project future development stability. The direction of future research in the field looks to be toward more complex models such as this, which incorporate extra and new types of imagery (e.g., night time imagery 96 and radar interferometry 97 ).
ALTERNATIVE RESEARCH
Although the majority of RS research related to urban health issues has focused on the three major topics outlined, this review would be incomplete without mention of some more novel applications. The effect of urban areas on both local 98, 99 and global 100 climate using satellite-derived variables such as land surface temperature and vegetation cover 101 represents a newly emerging field of research. Following from this, researchers have attempted to link these satellite-derived variables with census data to obtain population, [102] [103] [104] [105] quality-of-life, and housing type estimates 106, 107 and with pollutant levels to estimate respiratory disease occurrence. 108 Further work has utilized satellite imagery for mapping impervious surface area in relation to stream health. 109 DMSP OLS nighttime imagery is also being put to novel use in studies attempting to derive gross domestic product, power consumption, 96 and crime rate 110 estimates. These emerging approaches using data from multiple sources represent the future of application-driven use of satellite imagery. As computing power increases and imagery and GIS layers become cheaper and more readily available, those involved in public health research, particularly the study of diseases influenced by multiple factors such as malaria, should be looking to these approaches for information.
MALARIA IN AFRICA
The progress so far described in mapping, monitoring, and modeling urban environments using satellite RS has particular relevance to malaria in Africa. The number of deaths attributable to Plasmodium falciparum malaria has been estimated at approximately 1 million per annum in SSA. 111 There is considerable evidence that drug and insecticide resistance, war and civil disturbance, environmental changes, and population pressures are acting to increase the burden of malaria on the continent. [112] [113] [114] Recent years have seen a satellite imagery-fueled renaissance in attempts to produce risk maps of vector-borne diseases, [115] [116] [117] including malaria. 22, 23 To a large extent, both historical and contemporary malaria mapping have focused on extrinsic climatic determinants of disease distribution, 23, 118 ignoring other spatial determinants of malaria risk, most notably the effects of urbanization. 14, 15 This is primarily because these parameters have been harder to define at the coarse spatial resolution of the climate data currently used to model malaria risk.
Predominant among the influences ignored in malaria risk mapping are the environmental changes concomitant with urbanization. In Africa, 38% of the 784 million inhabitants were urban dwellers in 2000. This is estimated to increase to 55% by 2030 as virtually all of the continent's population doubling during this time will be concentrated in urban areas. 1 This shift in human populations from environments supporting predominantly communicable disease burdens to those lending themselves to noncommunicable disease systems will have profound epidemiological and public health impacts. 3 There has been little work on the current impact of urbanization on malaria risk mapping and burden estimates and no quantitative consideration of how such a demographic shift will impact of the future malaria burden, despite its importance in the monitoring of interventions.
In addition, there is a growing body of evidence demonstrating the effects of urban settlement reducing the risks of malaria parasite exposure among human populations across Africa. 14, 15 Decreased risk has been shown in urban areas in the west (Liberia, 119 Gambia, 120 Senegal, [121] [122] [123] Ghana, 124 Burkina Faso [125] [126] [127] [128] ), center (Cameroon, 129 Republic of Congo, 130 Democratic Republic of Congo 131, 132 ), the horn (Ethiopia, 133 Sudan 134 ), and the south (Zambia 135 ) of Africa. Moreover, in a recent meta-analysis of 159 sites across Africa where annual entomological inoculation rates had been recorded, it was shown that people in rural areas received on average 146 Plasmodium falciparum-infected bites per annum compared to only 14 for people resident in urban areas.
14 Such evidence suggests that recent efforts to apply climate-derived malaria risk and population maps to better define the public health burden of malaria in Africa 111,136 may have overestimated disease outcomes by excluding the effects of human settlement. Satellite-based RS of urban areas has an obvious contribution to refining these estimates.
This review has shown that any gaps in knowledge about the effects of urbanization and malaria can potentially be filled using satellite RS. MUAs across SSA could be identified and delineated using a range of optical and radar sensors to provide an urban layer input for adjustment of risk maps. Land cover and use within these MUAs could then be classified to identify interurban malaria risk levels. This land cover/use information then lends itself to the production of population estimates and maps, aiding identification of at-risk populations and their access to health care facilities. Finally, satellite imagery could form the basis for spatial prediction models of future urbanization, allowing identification of risk areas and improved public health planning to combat changing malaria risk. This is our predominant focus of research.
CONCLUSIONS
Future global urbanization will have massive far-reaching public health impacts, particularly in relation to malaria. Preparation for such changes requires consistent definitions and approaches for defining and delineating urban areas. This review has shown that the progress made in using RS for mapping, monitoring, and modeling urban environments puts it in an excellent position to provide such information to the public health field and beyond. In particular, RS has a vital role to play in low-income areas, in which the effects of urbanization will be felt most, and resources for mapping and health care are already stretched.
